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Introduction
Sustainable resources and processes are nowadays increasingly studied to propose alternatives to the use of fossil raw materials. Lignocellulosic biomass, as wood for example, is a renewable resource but its moisture content is high and it is not an easily grindable material [1] . Furthermore, its energy density is lower than coal. These issues could be overcome thanks to the torrefaction process.
Torrefaction is a thermal process carried out at temperatures below 300 C, under inert atmosphere, at atmospheric pressure, and with residence times for the solid biomass ranging from few minutes to several hours [2, 3] . Torrefied wood is a solid product constituted by more than 70% of the initial mass with properties close to those of coal. The 30% remaining part is a gaseous effluent [2, 3] , composed of about one third of non condensable gasescarbon monoxide and carbon dioxide -and two thirds of condensable species.
Currently, torrefied wood is the main product of interest and is usually transformed into energetic gases by the gasification process [4e6] or directly used as coal for combustion [7, 8] . Conversely, gaseous by-products are considered at present time as a waste [9] and in the best case are burned to provide energy to the process [6] . Yet, the recovery and valorization of the condensable fraction as bio-sourced chemicals is worth considering.
An experimental study of the torrefaction of four various biomass types showed that there were significant differences in gaseous product composition depending on the nature of the biomass [10] . Condensable species composition exhibit more than one hundred oxygenated components (partially identified and quantified) and significantly differs depending on the biomass type.
Any preliminary study to assess new routes, as for instance non energetic valorization of such gaseous effluent, requires knowledge of thermodynamics of these complex mixtures. Indeed, some thermodynamic models already exist for part of this mixture. In the general biorefinery field, some experimental and modeling studies of vaporeliquid equilibria have been published [11, 12] . More specifically, thermodynamics of formaldehyde (one of the major components of this gaseous effluent), and its mixtures with water, were developed using an approach coupling physical and chemical equilibria [13, 14] .
This work is indeed an extension of our previously published model [13] with the aim at representing now the vaporeliquid thermodynamic behavior of the whole torrefaction condensable fraction using a combined physical and chemical model. In this paper, a strategy for modeling the vaporeliquid equilibria for a mixture of 22 representative components is proposed, including possible chemical reactions.
The paper is organized as follows. In Section 1 the characteristics of condensates from lignocellulosic biomass torrefaction are briefly introduced. In Section 2, the strategy to develop the thermodynamic model is exposed and the choice of UNIQUAC to calculate activity coefficients is justified. Section 3 presents the method to estimate the unknown UNIQUAC binary interaction parameters. In Section 4 the results are reported and discussed. Indeed, such a thermodynamic modeling is the pre-requisite to propose and assess (on energetic and economic criteria) different separation schemes to produce bio-sourced chemicals from the gaseous effluent of the torrefaction process. These future studies (not in the scope of this work), based on this modeling, will be able to provide the quantitative data to decide the viability of such a valorization strategy.
Characterization of condensates from lignocellulosic biomass torrefaction
Few descriptions of the volatile matter after torrefaction are available in the literature. Table 1 gives a short inventory of the species identified in torrefaction effluents. Non condensable gases are mainly carbon monoxide and carbon dioxide. A focus on the condensable part of the volatile matter shows that condensates are a multicomponent mixture, chemically and thermally unstable, containing oxygenated species diluted in water. The oxygenated species belong to different chemical classes: water, alcohols, acids, aldehydes, ketones, furans, phenolics, gaïacols.
The main component is water accounting for 60%mol to 80%mol. Minor components are diluted in water which makes their separation a hard task. Moreover, minor components are present in proportions varying with the processed biomass [2] .
As it is impossible to consider all the components present in condensates for modeling, a representative mixture was established for condensates. The analysis of the experimental data collected in the frame of INVERTO project enabled us to select an acceptable number of 22 components including: water (W), methanol (ME), formaldehyde (FA), methylene glycol (MG), hemiformal (HF), 6 poly(oxymethylene) glycols from a degree 2 to a degree 7 (MG 2 eMG 7 ), 6 poly(oxymethylene) hemiformals from a degree 2 to a degree 7 (HF 2 eHF 7 ), acetic acid (A 1 ), formic acid (A 2 ), propionic acid (A 3 ), furfural (Fu) and furfuryl alcohol (FuAl). All these compounds are present in significant amounts (a few g/L in the condensed aqueous phase).
A previous study was dedicated to the modeling of aqueous solutions of formaldehyde and methanol [13] and the same approach is used here to be extended to the modeling of the representative mixture of the torrefaction condensates.
Thermodynamic model
The complexity of the condensate mixture makes its purification a difficult task and this complexity has to be handled first by a suitable thermodynamic description. An important point to emphasize is the presence of reactive components in the mixture: carboxylic acids associate in the vapor phase and formaldehyde polymerizes with water and methanol to produce hemiformal, methylene glycol, poly(oxymethylene) hemiformals and poly(oxymethylene) glycols. So, vaporeliquid equilibria must be coupled with those chemical equilibria for a suitable description of condensates thermodynamic behavior. 
Description of the thermodynamic behavior of the reactive mixture
As mentioned above, when modeling thermodynamics of such systems, the main difficulty is to account for the coupling of chemical and physical equilibria of these reactive molecules. A review of thermodynamics for reactive mixtures has been given by Maurer [14] where it is suggested to uncouple the physical and the chemical phenomena in the model so as to differenciate the effects of weak intermolecular interactions of the physical equilibria from the strong intermolecular interactions involved in the chemical reactions. This modeling approach has also the advantage of avoiding spreading the uncertainty on the chemical equilibrium constant into the physical equilibrium parameters. Fig. 1 illustrates the outline of this model. Note that in our approach the system is considered at chemical and physical equilibrium and therefore no chemical or physical kinetic data are considered.
Thus, the reactive vaporeliquid equilibrium model includes: -physical phase equilibria described using a g -4 approach to account for this multicomponent system with a large range of molar masses and volatilities. The physical interactions between all species are taken into account through activity coefficients calculation in the liquid phase and through an equation of state for the gas phase. 
Vapor-liquid equilibrium model
As the model will not be used under pressure, the gas phase was considered as a perfect gas where gas phase associations of carboxylic acids; and methylene glycol and hemiformal formations are included.
To calculate the activity coefficients of the liquid phase, three models based on the local composition were considered: UNIversal Functional Activity Coefficient Original (UNIFAC Original). Non Random Two Liquids (NRTL) and UNIversal QUAsi Chemical (UNI-QUAC). Table 2 synthetises a comparison of these thermodynamic models. The advantage of the UNIFAC Original model lies in its predictive capability and is interesting when experimental data are lacking. Meanwhile, its range of temperature applicability is relatively poor [18] . Pressure and temperature ranges of UNIQUAC applicability are greater than UNIFAC Original. Semi-empirical models like NRTL or UNIQUAC are more accurate for the binaries for which experimental data are available. Compared to NRTL, UNIQUAC takes into account the molecule shape and size difference effects and is then more suitable for the studied asymetric mixture containing both small molecules (methanol, formaldehyde, formic acid …) and larger ones (furfural, poly(oxymethylene) glycols …).
Therefore, the UNIQUAC model was selected to describe the non-ideality of the liquid phase. UNIQUAC equations [19] are given by:
The UNIQUAC binary interaction parameters (see equation (7)) were identified for the different binaries of the condensate representative system using either experimental vaporeliquid data from literature when available or numerical data generated by UNIFAC Original [20, 21] . The determination of UNIQUAC binary interaction parameters is detailed in the following part.
Determination of UNIQUAC binary interaction parameters
UNIQUAC binary interaction parameters must be estimated for systems including water, methanol, formaldehyde, methylene glycol, hemiformal, poly(oxymethylene) glycols (MG À MG 7 ), poly(-oxymethylene) hemiformals (HF À HF 7 ), acetic acid, formic acid, propionic acid, furfural, furfuryl alcohol. The binary interaction parameters of the formaldehyde e water e methanol reactive system were formerly identified [13] . Some binaries (like watermethanol, water -acetic acid …) have been widely studied in the literature. Nevertheless, as the reported binary interaction parameters may have been estimated with other values of the pure component properties than those used in this study, they were identified again in this work using experimental data recommended by the DECHEMA.
Different cases were considered for the binary interaction parameters estimation (see Table 3 ):
1. case 1: non-reactive binary systems 2. case 2: binary systems involving formaldehyde species and other components except carboxylic acids 3. case 3: binary systems involving carboxylic acids Component abbreviations are defined in the nomenclature. The reactive vaporeliquid equilibrium of the water-methanolformaldehyde system was already modeled [13] so the reference of the publication is given for theses binaries.
For case 1 and case 2, the same physical phase equilibrium equations were used, given by:
The coefficients a i of the equations to calculate the vapor pressure of pure component i with respect to temperature were taken from the DIPPR Database [22] available through the Simulis Thermodynamics package (ProSim):
When available in the literature experimental vaporeliquid data were used for the identification of the UNIQUAC binary interaction parameters. When no data were available, vaporeliquid numerical data at constant vapor ratio and temperature (or pressure) were generated using the UNIFAC Original model [21, 20] . As mentioned above, it was chosen to uncouple the physical and chemical phenomena for systems involving formaldehyde species to avoid to spread the uncertainty of the chemical equilibrium constants into the parameters of the physical equilibrium. Because of the presence of the chemical reactions, no uncoupled vaporeliquid experimental data were available in the literature. So, vaporeliquid data were generated using the UNIFAC Original model for case 2. Note that binary interaction parameters of systems labeled 2 in Table 3 have to be ascertained as soon as experimental data become available.
Finally, for case 3 (binaries involving carboxylic acids), conventional physical phase equilibrium equations, with an association term to account for chemical equilibria, were used for the identification. Nevertheless, when dealing with the dimerization equilibria of carboxylic acids, it was found more convenient not to uncouple physical and chemical equilibria. Indeed, for these specific compounds, the uncoupled approach has been developed for long [23] and was already implemented in the Prosim Plus software. In this case, it is proposed to use a correction term in equation 
, which accounts for the presence of the dimerization equilibria:
At equilibrium, components present in the vapor phase follow the perfect gas law so f V i ðT; P; yÞ ¼ 1. The correction terms, also termed vapor fugacity coefficients of pure constituant i at satura- 
Crossed dimerization of carboxylic acid A and carboxylic acid B:
from the DECHEMA literature [24] :
When available, experimental data were used for the identification and simulated data were generated using UNIFAC Original when not available. Table 4 summarizes the different cases considered for the identification of the UNIQUAC binary interaction parameters.
In the case of systems with formaldehyde species (with or without carboxylic acids), some preliminary calculations showed that it was not useful to differentiate between the binary interaction parameters of the poly(oxymethylene) glycols (MG n ) and poly(oxymethylene) hemiformals (HF n ) from degree 2 to 7 with other components. This indeed assumes that the interaction in the second term of the residual part of the activity coefficient for these 
The identification was performed using the Excel solver which [46] provides a multidimensional constrained non-linear method of minimization (non-linear GRG method), coupled with the Simulis Thermodynamics add-in for estimation of thermodynamic properties.
Results and discussions

UNIQUAC binary interaction parameters estimation
The UNIQUAC binary interaction parameters estimated in this work are reported in Tables 4 and 5 . For all data points used in this work, the mean relative error was calculated as F obj ¼ 5:60% with n exp ¼ 671. This relatively low value indicates a good estimation of the UNIQUAC binary interaction parameters as can be seen from the graphical comparisons of experimental data and calculated data presented in the Section 4.2. Table 5 reports the values of the estimated UNIQUAC binary interaction parameters for which literature vaporeliquid data were available. Table 6 reports the binary interaction parameters of binaries for which no experimental data were available in literature. Excluding systems with formaldehyde species, few binaries are concerned. Nonetheless, interactions between formaldehyde species and other components like carboxylic acids were not studied in the literature. 
Comparison of the UNIQUAC model with binary vaporeliquid data used for the identification
This section presents the comparison of each set of experimental data used for the identification with the calculated data obtained with the estimated UNIQUAC binary interaction parameters. References of the experimental data are indicated in Table 7 .
For each binary system, the average deviation of the vapor composition and the average deviation of the pressure -in the case of (T,x,y) diagrams -or the average deviation for the temperaturein the case of (P,x,y) diagrams -between experimental data and our work were calculated as: Table 7 presents the average deviation for the gas-phase composition and the average deviation for the equilibrium pressure (or temperature) between experimental data from the literature and the model, for all binary systems plotted in Figs. 2 and 3. Pressure and temperature deviations are between 0.04% and 8.07%, and gas-phase composition deviations between 0.41% and 11.76%. These values indicate that the UNIQUAC model developed in this work provides a fairly good description of the different binary systems, for large pressure and composition ranges. Note that all deviation values are very similar, which means that the quality of the prediction is similar for all binary systems. Fig. 2 shows the isobaric diagram of the following binary systems: (a) water -formic acid; (b) water -acetic acid; (c) waterpropionic acid; (d) water -furfural. Good agreement was obtained between experimental data and the prediction of the azeotropic point at different pressures for all systems. Fig. 3 presents the isobaric diagram of the following binary systems: (a) methanol -acetic acid; (b) water -furfuryl alcohol; (c) methanol -furfural; (d) furfural -furfuryl alcohol. Note that some inconsistent experimental points explain the larger deviation observed between the model and the experimental data.
Globally, all the figures and table confirm that estimated binary interaction coefficients give a good representation of all binaries. Every experimental data used for the identification are indeed adequately represented by the model.
Validation of the model from comparison with ternary vaporeliquid reactive equilibria
The complete reactive vaporeliquid model was used to validate the use of the binary interaction parameters for a ternary system. The model includes equations for the vaporeliquid equilibrium Table 9 Average deviation of the gas-phase composition and average deviation of the temperature for ternary vaporeliquid and chemical equilibria illustrated in Tables 10e13   Compound 1 Compound Table 10 Prediction of vaporeliquid reactive equilibria of water (1) e acetic acid (2) e propionic acid (3) ternary system [53] . (see equation (26)) and the chemical reaction equilibrium (see equations (30)e (33)).
Values of the chemical reaction equilibrium constants were taken from the literature [24,47e49] .
for carboxylic acids
Table 12
Prediction of vaporeliquid reactive equilibria of water (1) e formic acid (2) e acetic acid (3) ternary system [54, 55] . 
In this work, the chemical reaction constants (see Table 8 ) are expressed in the gas phase for the formation of methylene glycol (eq. (29)) and hemiformal (eq. (31)).
Binary vapor liquid data were used to regress the UNIQUAC binary interaction parameters and ternary vapor liquid data to validate the model and to check the extensibility of the model to multicomponent mixtures. Experimental data were taken from the DECHEMA literature in the same ranges of pressure and temperature where the model has been identified.
The reactive vapor liquid equilibrium of the ternary watermethanol-formaldehyde mixture was already validated in a former publication [13] . No data were available to validate the model on other systems.
Tables 10e13 give the corresponding values and relative errors of all isobaric diagrams of the following systems: methanol -water -acetic acid; water -formic acid -acetic acid; water -acetic acidpropionic acid; methanol -water -furfural. Table 9 reports the average deviation of the equilibrium temperature and the average deviation of the gas-phase composition between experimental data from the literature ([52e56]) and our model, for ternary systems of Table 13 Prediction of vaporeliquid reactive equilibria of methanol (1) e water (2) e furfural (3) ternary system [56] . Tables 10e13 Note that these data were not used for the estimation of the binary interaction parameters but only to validate the approach. Temperature deviations are between 0.22% and 1.44%. and gas-phase composition deviations between 2.63% and 9.59%. This good agreement confirms that our model is able to represent the behavior of multicomponent systems. As mentioned above, good agreement was obtained between experimental data set and estimated vaporeliquid equilibria with our model.
Conclusion
In this work a model to describe the thermodynamic behavior of a complex reactive mixture was developed. The model was applied to a representative mixture of the condensable fraction of the gaseous effluent from the wood torrefaction process. A model based on the local composition concept (UNIQUAC) was chosen and was coupled to chemical equilibria of this reactive mixture where 22 compounds and 14 chemical reactions are considered. With this uncoupling approach, effects of weak intermolecular interactions of the physical equilibria are differentiated from the strong intermolecular interactions involved in the chemical reactions. In the present case, chemical equilibrium constants were available in the literature and can then be considered as known. The hypothesis of similar interactions for poly(oxymethylene) glycols with other compounds and for poly(oxymethylene) hemiformals with other compounds allowed to limit to 46 the number of unknown vaporeliquid equilibrium binary interaction parameters. They were identified here from litterature data for binary systems when available or from simulated data when not. This approach was validated by comparison with available experimental data for multicomponent systems.
This modeling was done with the purpose of designing separation-purification process for valorization of the gaseous effluent of the torrefaction process for bio-sourced chemicals. Nevertheless, we are confident that this approach, developed here for a specific application, can be generic to describe other complex thermodynamic systems including reactive components. France). 
Nomenclature
Mathematical symbols
